Intracellular Ca2+ Release and Ischemic Axon Injury The Trojan Horse Is Back by Ransom, Bruce R & Brown, Angus M
Neuron
2
bution. These experiments indicated that BDNF-driven bellar ataxias should facilitate further testing of the role
differentiation of SH-SY5Y cells yielded significantly of axonal transport abnormalities in polyQ neurotoxicity
shorter neuritic processes in the stable lines expressing and thereby allow investigators to establish how early
polyQ-expanded AR, but without a significant difference and critical an event axonal dysfunction really is in
in cell survival. In one SH-SY5Y stably transfected line, these disorders.
a more pronounced defect in neurite outgrowth was
appreciated and found to correlate with the presence Mel B. Feany1 and Albert R. La Spada2
of a severely truncated version of AR Q56 (aa 1–300) 1Department of Pathology
that was spontaneously generated. However, increased Division of Neuropathology
AR immunostaining in the case of this line (902-6) may Brigham and Women’s Hospital
simply mean that a greater amount of toxic AR protein Harvard Medical School
was expressed in the 902-6 experiments. Other results
221 Longwood Avenue
of this study are notable for their normalcy. For example,
Boston, Massachusetts 02115
immunostaining of huntingtin protein in axoplasm from 2 Department of Laboratory Medicine
Q23 and Q63 preparations yielded equivalent patterns,
Division of Medical Genetics (Medicine)
suggesting no distribution differences. Similarly, evalua-
Division of Neurogenetics (Neurology)
tion of kinesin and dynein patterns in the SH-SY5Y stably
University of Washington Medical Centertransfected AR lines showed comparable staining re-
Seattle, Washington 98195gardless of AR Q tract length.
Despite finding specific effects on axonal transport in Selected Reading
two rather divergent systems, the relationship between
these abnormalities in axonal transport and neurode- Coultas, L., Huang, D.C., Adams, J.M., and Strasser, A. (2002). Cell
Death Differ. 9, 1163–1166.generation remains an open question. A number of prior
Dragatsis, I., Levine, M.S., and Zeitlin, S. (2000). Nat. Genet. 26,studies have argued for a nuclear action of polyQ pro-
300–306.teins. By altering nuclear localization and nuclear export
Gunawardena, S., Her, L.-S., Brusch, R.G., Laymon, R.A., Niesman,signals on ataxin-3, the protein mutated in spinocerebel-
I.R., Gordesky-Gold, B., Sintasath, L., Bonini, N.M., and Goldstein,lar ataxia type 3 (SCA3/Machado-Joseph disease), Gu-
L.S.B. (2003). Neuron 40, this issue, 25–40.nawardena et al. demonstrate that nuclear localization
Hafezparast, M., Klocke, R., Ruhrberg, C., Marquardt, A., Ahmad-is necessary for neuronal death, but formation of axonal
Annuar, A., Bowen, S., Lalli, G., Witherden, A.S., Hummerich, H.,blockages requires cytoplasmic protein. In fact, there
Nicholson, S., et al. (2003). Science 300, 808–812.
is a striking dissociation between axonal transport ab-
LaMonte, B.H., Wallace, K.E., Holloway, B.A., Shelly, S.S., Ascano,
normalities and cell death as monitored by TUNEL stain J., Tokito, M., Van Winkle, T., Howland, D.S., and Holzbaur, E.L.
in the larval nervous system. The dissociation of neu- (2002). Neuron 34, 715–727.
ronal apoptosis and axonal transport defects in Dro- La Spada, A.R., and Taylor, J.P. (2003). Neuron 38, 681–684.
sophila may reflect two independent pathways of neu- Li, H., Li, S.-H., Shelbourne, P., and Li, X.-J. (2001). J. Neurosci.
ronal toxicity that can both ultimately lead to cell death. 21, 8473–8481.
However, an intriguing alternative possibility in mamma- Puls, I., Jonnakuty, C., LaMonte, B.H., Holzbaur, E.L., Tokito, M.,
lian neurons is that alteration of axonal transport and Mann, E., Floeter, M.K., Bidus, K., Drayna, D., Oh, S.J., et al. (2003).
motor protein dysfunction can directly result in cell Nat. Genet. 33, 455–456.
death, or at least lead to the activation of apoptotic Ross, C.A. (2002). Neuron 35, 819–822.
pathways. Indeed, two proapoptotic BH3-only proteins, Szebenyi, G., Morfini, G.A., Babcock, A., Gould, M., Selkoe, K., Ste-
Bim and Bmf, are regulated by their interactions with noien, D.L., Young, M., Faber, P.W., MacDonald, M.E., McPhaul,
M.J., and Brady, S.T. (2003). Neuron 40, this issue, 41–52.the dynein motor complex and the myosin V actin motor
complex, respectively (Coultas et al., 2002). Perhaps Zoghbi, H.Y., and Orr, H.T. (2000). Annu. Rev. Neurosci. 23, 217–247.
polyQ-mediated axonal transport alterations or motor
protein dysfunction initiate apoptotic activation, yielding
active caspases and other proteases that then cleave
polyQ proteins to generate truncated polyQ-containing
peptides. How these events intertwine with the pre- Intracellular Ca2 Release
sumed nuclear pathology of huntingtin fragments in HD and Ischemic Axon Injury:and the ligand-responsive AR in SBMA remains to be
clarified. The Trojan Horse Is Back
In summary, the papers by Szebenyi et al. and Guna-
wardena et al. nicely demonstrate that expression of
polyQ proteins can poison axonal transport directly in
Ischemic injury of cells in the central nervous systemisolated axoplasm and create axonal blockages, in vivo
is typically set in motion by influx of extracellular Ca2.hallmarks of disrupted axonal transport. These findings
In this issue of Neuron, Stys and colleagues proposeclearly add the polyQ disorders to the list of neurodegen-
that ischemic injury in spinal cord axons is partly theerative diseases in which axonal transport abnormalities
result of ryanodine receptor-mediated release of Ca2have been implicated. The challenge now is to reconcile
from the endoplasmic reticulum (ER), a site of intracel-disruption of cytoplasmic axonal transport with the dem-
lular Ca2 storage.onstrated nuclear toxicity of polyQ proteins and to arrive
at a comprehensive model of polyQ toxicity. The excel-
lent animal models available for HD and the spinocere- Our humbling failure to develop clinically effective neu-
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roprotective strategies for stroke has several explana-
tions, but one of them is surely inattention to white
matter. The cellular pathophysiology of stroke has been
mainly studied in rodents, whose brains are about 12%
white matter by volume (Zhang and Sejnowski, 2000).
The human brain, on the other hand, contains about
50% white matter by volume. Ischemic strokes typically
damage both white and gray matter, and both areas
produce clinical deficits when damaged. It follows,
therefore, that protecting gray matter alone will have
much less benefit in man than in rodents. Fortunately,
this insight has gained a solid foothold among scientists,
clinical and basic, and effective model systems have
been developed to analyze the unique mechanisms of
tissue injury caused by ischemia in white matter (Ran-
som and Goldberg, 2003). And there have been a lot
of surprises.
White matter, of course, is made up of axons, oligo-
dendrocytes, and astrocytes. These elements are all
damaged during ischemia but not necessarily at the same
time or by the same mechanisms. Available evidence sug-
gests that the axons and oligodendrocytes are most
vulnerable and are damaged first (Tekkok and Goldberg,
2001). Astrocytes enjoy temporary security during isch-
emia because they, alone, have glycogen to use as fuel
and are anaerobic by nature (Rose et al., 1998). Although
axons are not independent cells, their great length neces-
sitates that they function independently from their cell
bodies with regard to energy metabolism. Like most
cells, axons are injured by intracellular Ca2 overload.
Ionic mechanisms that mediate toxic Ca2 loading dur-
ing anoxia include gating of noninactivating Na chan-
nels (Stys et al., 1993), reverse Na-Ca2 exchange (Stys
et al., 1992), and activation of L-type voltage-gated Ca2
channels (Brown et al., 2001) (Figure 1A). Parallel to
these events, oligodendrocytes (and the myelin they
support) suffer glutamate-mediated ischemic injury (Li
et al., 1999; Tekkok and Goldberg, 2001). Glutamate
is released by reverse transport from glial cells and/or
axons and activates Ca2-permeable AMPA receptors
on oligodendrocytes (Figure 1B). Glutamate probably
also injures astrocytes via AMPA receptors but this
might not occur until glycogen stores are exhausted.
In this issue of Neuron, Stys and colleagues demon-
strate that ischemic injury to axons in the dorsal column
Figure 1. Pathways for Ischemic White Matter Injury of the spinal cord was not protected by removal of Ca2
(A) Ionic mechanisms of white matter ischemic injury. Ischemia re- from the bath perfusate. This is in contrast to anoxic
sults in decreased ATP, inhibition of Na-K ATPase, and membrane injury in a variety of other central white matter tracts and
depolarization. Noninactivating Na channels (NaC) mediate Na to traumatic axon injury in spinal cord, where removal of
accumulation and lead to reversal of the Na-Ca2 exchanger, caus-
bath Ca2 is protective. Stys and colleagues provideing elevated [Ca2]i. Voltage-gated calcium channels (VGCC) also
an intriguing explanation for this discrepancy: bufferingmediate Ca2 influx. Unrestrained increase in [Ca2]I causes injury,
probably by activating destructive enzymes and generation of intracellular Ca2 with BAPTA protected against isch-
free radicals. emia in the absence of bath Ca2, consistent with Ca2
(B) Glutamate-mediated white matter ischemic injury. Ischemia release from an intracellular store. Depleting intracellular
leads to glutamate (produced via the Krebs cycle) release from Ca2 stores with thapsigargin was also partially protec-
glia and/or axons. Glutamate activates AMPA/kainate receptors on
tive against ischemic axon injury. Ischemic protectionoligodendrocytes, which are permeable to both Na and Ca2, lead-
in Ca2-free solution was provided by the L-type Ca2ing to injury. Glutamate also activates Na-permeable AMPA/kai-
nate receptors on astrocytes. channel blockers diltiazem or nimodipine, but to a much
(C) Intracellular Ca2 release and white matter ischemic injury. The lesser extent by cadmium, a pore blocking agent. This
ischemia-induced membrane depolarization described in (A) leads
to membrane depolarization that is sensed by CaV1.2 Ca2 channel
physically coupled to the RyR1 ryanodine receptor. This leads to
release of Ca2 from the ER. Membrane depolarization also activates normal extracellular [Ca2]); theoretically at least, this could activate
the CaV1.3 Ca2 channel and Ca2 influx (i.e., in the presence of the RyR2 ryanodine receptor and cause release of Ca2 from the ER.
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Selected Readingplanation for the weaker protection it provided (Fern et
al., 1996).
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sible, of course, for Ca2 entry via conventional L-type
calcium channels to activate calcium-sensitive ryan-
odine receptors (RyR2) and cause intracellular Ca2 re-
lease from ER. The proposed model is complicated.
Many of the supportive experiments had to be done in
Downstream of Guidance Receptors:Ca2-free solution, a medium notoriously troublesome
for isolated brain tissue. One possible concern, for ex- Entering the Baroque Period
ample, is alteration of tissue permeability with release of Axon Guidance Signaling
of amino acids such as glutamate (Ye et al., 2003). The
breadth of supporting data presented, however, gives
confidence that these findings will stand in the face of
additional experiments to test their validity. The Roundabout (“Robo”) family of transmembrane
This work and other recent contributions raise chal- proteins are the receptors and mediators of the repel-
lenging questions. How do the injury pathways in white lent axon guidance signal Slit. However, the molecular
matter interact, for example? It could be that intracellular mechanisms by which Robo signaling leads to growth
Ca2 release is crucial to jump start reverse Na-Ca2 cone or neuron repulsion are still poorly understood.
exchange (Blaustein and Lederer, 1999). Given the exis- A study by Fan et al. in this issue of Neuron expands
tence in white matter of Ca2-sensitive ryanodine recep- the repertoire of Robo pathway components and stim-
tors, in addition to the Ca2-insensitive type, activated ulates a new look at axon guidance signaling in
surface Ca2 channels might admit Ca2 to jump start general.
Ca2 release from intracellular stores (Figure 1C). White
matter shows considerable regional variation (Ransom Directed outgrowth and guidance of neuronal processes
and Goldberg, 2003). It is premature to assume that all are central to the development of a highly ordered pat-
three pathways (and there are likely to be more) are tern of connectivity, the organizational hallmark of all
present and uniformly active in the regionally distinct mature nervous systems. A century of axon guidance
white matters. The authors speculate that intracellular research and, in particular, the burst of technical ad-
calcium pools must be controlled to achieve effective vances in molecular biology, biochemistry, and genetics
white matter protection against ischemia. In other of the last decades have led contemporary research to
words, blocking all mechanisms of transmembrane Ca2 establish a firmly defined, almost simple concept of how
influx during ischemia would still leave axons at risk for axonal guidance works (e.g., Dickson, 2002). (1) Path-
a Trojan horse-like assault via intracellular Ca2 stores. finding of growing axons is mediated by growth cones,
This question must be answered as we contemplate which are the key sensors of guidance signals and which
translate these cues into motility changes executed bybetter therapy for acute stroke.
